Background The wear resistance of highly crosslinked polyethylene depends on crosslink density, which may decrease with in vivo loading, leading to more wear and increased oxidation. The relationship among large and complex in vivo mechanical stresses, breakdown of the polyethylene crosslinks, and oxidative degradation is not fully understood in total knee arthroplasty (TKA). We wished to determine whether crosslink density is reduced at the articular surfaces of retrieved tibial inserts in contact areas exposed to in vivo mechanical stress.
Questions/purposes (1) Does polyethylene crosslink density decrease preferentially in regions of the articular surface of thermally stabilized crosslinked polyethylene tibial components exposed to mechanical stress in vivo; and (2) what is the ramification of decreased crosslink density in TKA in terms of accompanying oxidation of the polyethylene? Methods From May 2011 to January 2014, 90 crosslinked polyethylene tibial components were retrieved during revision surgery as a part of a long-standing implant retrieval program. Forty highly crosslinked polyethylene tibial inserts (27 posterior-stabilized designs and 13 cruciate-retaining designs) retrieved for instability (15 cases), stiffness (11) , infection (six), aseptic loosening (four), pain (two), and malposition (two) after a mean time of 18 months were inspected microscopically to identify loaded (burnished) and unloaded (unburnished) regions on the articular surfaces. Swell ratio testing was done according to ASTM F2214 to calculate crosslink density and infrared spectroscopy was used according to ASTM F2102 to measure oxidation. Results The region of the tibial insert influenced crosslink density. Loaded surface regions had a mean crosslink density of 0.19 (95% confidence interval [CI] , 0.18-0.19) mol/dm 3 , lower than the other three regions (loaded subsurface, unloaded surface, and unloaded subsurface), which had crosslink densities of 0.21 (95% CI, 0.21-0.22; p \ 0.01) mol/dm 3 . Peak oxidation levels were higher in loaded regions with a mean oxidation index (OI) of 0.67 (95% CI, 0.56-0.78) versus unloaded regions with a mean OI of 0.36 (95% CI, 0.27-0.45; p \ 0.01). Peak oxidation levels were higher in annealed samples with a mean OI of 0.66 (95% CI, 0.52-0.81) versus remelted samples with a mean OI of 0.40 (95% CI, 0.34-0.47; p \ 0.01).
Conclusions The results suggest that the crosslink density decreases and accompanying oxidation is driven
Introduction
Highly crosslinked ultrahigh-molecular-weight polyethylene (crosslinked PE) was developed to reduce wear and particle-induced osteolysis in THA [26, 31] and has successfully reduced the frequency of osteolysis after THA into the second decade [8, 17] . The use of crosslinked PE in TKA continues to increase with the 2015 Annual Report of the Australian Joint Replacement Registry reporting an increase from 7% of primary TKAs in 2003 to 49% in 2014 of TKAs [1] . However, after more than 10 years using crosslinked PE as a bearing material for TKA, it remains unclear whether crosslinked PE provides a clinical advantage over conventional polyethylene [36] . The 2015 Annual Report of the Australian Orthopaedic Association National Joint Replacement Registry found a lower rate of revision in patients implanted with crosslinked PE tibial inserts [1] . In contrast, clinical reports with mid-term followup such as those from the Kaiser Implant Registry [18] demonstrated no benefits or differences in revision surgery rates between TKAs with crosslinked PE versus conventional polyethylene inserts [19, 20, 28] . In a recent shortterm implant retrieval study comparing retrieved crosslinked PE and conventional polyethylene TKA inserts, Liu et al. found no difference in polyethylene surface damage between the two materials [24] . However, surface damage does not preclude the possibility that a difference in wear and creep might still exist [34] .
Crosslinked PE is manufactured using ionizing radiation, which improves wear resistance by increasing crosslink density [16, 31] , but also produces free radicals that have been implicated in oxidative degradation [9, 38] . Free radical oxidation results in decreased molecular weight and loss of mechanical properties. To decrease the potential for oxidative degradation, heating the polymer to above its melting point (''remelting'') or to just below that temperature (''below-melt thermal annealing'') is a step added postirradiation to reduce the free radicals. However, retrieved crosslinked PE tibial inserts demonstrate increased oxidation levels at the articular surfaces after in vivo implantation regardless of whether they were either remelted or annealed after crosslinking, a phenomenon not observed with pristine, never implanted inserts [13, 14, 25] .
This increased oxidation has been linked to decreased crosslink density at the articular surface of tibial components [35] . In a TKA, contact between the nonconforming surfaces of the metallic femoral component and PE tibial component results in a highly complex stress distribution including compressive and tensile stresses at the articular surface and shear stresses beneath the surface under the center of the contact area [5] [6] [7] 15] . However, the relationship among these large and complex in vivo mechanical stresses, breakdown of the PE crosslinks, and oxidative degradation is not fully understood in TKA.
We therefore wished to determine whether crosslink density is reduced at the articular surfaces of tibial inserts in contact areas exposed to in vivo mechanical stress. To do so, we identified damaged regions on the articular surfaces of retrieved crosslinked PE tibial components microscopically and compared the crosslink density and oxidation in these regions with unloaded regions at and near the articular surface. In so doing, we hoped to answer the following specific questions: (1) does PE crosslink density decrease preferentially in regions of the articular surface of thermally stabilized crosslinked PE tibial components exposed to mechanical stress in vivo; and (2) what is the ramification of decreased crosslink density in TKA in terms of accompanying oxidation of the PE?
Materials and Methods
From May 2011 to January 2014, 90 crosslinked PE tibial components were retrieved. PE tibial components were only included in this study if the retrievals were placed in the À18°C freezer within 6 months after revision surgery, leaving 40 crosslinked PE tibial inserts (27 posterior-stabilized designs and 13 cruciate-retaining designs) to be analyzed for this study. No differences in patient demographics or implant design were found between the population of implants that were included in this study and those that were not. Ex vivo oxidation occurs and correlates with shelf time between retrieval and analysis [32] . It has been previously recommended that only retrieved implants stored within a freezer less than 6 months after revision surgery should be analyzed to avoid the confounding effects of ex vivo oxidation [13] . Clinical and demographic information were gathered from the patients' medical records (Table 1) . Reasons for revision surgery were instability (15 cases), stiffness (11) , infection (six), aseptic loosening (four), pain (two), and malposition (two), with mean in vivo implantation of 18 months (SD ± 14 months; range, 2-72 months). Components were cleaned and stored in À18°C freezers as part of a long-standing, institutional review board-approved implant retrieval program. Three tibial inserts were made of XLK polyethylene (manufactured by DePuy Inc, Warsaw, IN, USA), seven were made of XLPE polyethylene (Smith & Nephew Plc, London, UK), 17 were made of X3 polyethylene (Stryker Corp, Kalamazoo, MI, USA), and 13 were made of Prolong polyethylene (Zimmer Inc, Warsaw, IN, USA). Twentythree of the 40 crosslinked PE tibial inserts were irradiated and remelted (XLK, XLPE, and Prolong), and 17 were sequentially irradiated and annealed (X3). None of the tibial inserts included the addition of antioxidants to scavenge free radicals within the polymer. The resins, sterilization modalities, crosslinking modalities, and postirradiation processes for all the retrieved inserts were determined ( Table 2) .
Identification of the Regions to Be Tested
The articular surface of each tibial insert was photographed using a digital microscope (Keyence VHX-2000; Keyence Corp, Osaka, Japan) with high dynamic range mode. The presence of seven damage modes (burnishing, pitting, scratching, third-body debris, abrasion, deformation, and delamination) were then identified under a light stereomicroscope at magnifications between 910 and 932. The regions on which they were present were manually replicated onto the digital images using Photoshop CS2 software (Adobe Systems, San Jose, CA, USA) to quantify the area of damage for each mode on both medial and lateral plateaus. This damage mapping technique has been described in more detail elsewhere [10, 24] . Burnishing was the most prevalent damage mode on the PE articular surface and was considered the in vivo-loaded contact area with the surface of the metallic femoral component while the insert had been implanted in the patient. For each retrieved insert, the center of the burnished area on the medial plateau was used to locate the loaded surface region (Region 1 in Fig. 1 ), and the largest area with minimal damage on the same plateau was considered the unloaded surface region for comparison (Region 3 in Fig. 1 ). Subsurface loaded and unloaded regions (Regions 2 and 4, respectively, in Fig. 2 ) were located 3 mm underneath the corresponding surface regions. For all 40 inserts, it was possible to identify large enough loaded and unloaded regions from within which samples for crosslink density and oxidation measurements could be made. We hypothesized that crosslink density would be decreased at the surface of tibial inserts exposed to mechanical stress. To test this hypothesis, we chose to measure changes in crosslink density and oxidation in the medial compartment of the tibial inserts because the medial condyle is more likely exposed to higher loads [29] . If we did not find a correlation using the medial compartment, it would be unlikely that we would find a correlation analyzing the lateral compartment.
Measurement of Crosslink Density
Crosslink density was measured by using a gravimetric swell ratio test according to ASTM standard F2214. Three millimeter 9 3 mm 9 3-mm cubes were cut using a razor blade from the four identified regions (loaded surface region, loaded subsurface region, unloaded surface region, and unloaded subsurface region; Fig. 2 ) in the medial plateau of each tibial insert. The PE cubes were then immersed into 25 mL of xylene (Fisher Scientific, Pittsburgh, PA, USA) at 130°C for 2 hours. The masses of each cube before and after the heating treatment were recorded for calculation of swell ratio and crosslink density according to ASTM standards D2765 and F2214 [2, 3] .
Measurement of Oxidation Index
Oxidation of the implants was measured using Fourier transform infrared spectroscopy (FTIR) following ASTM standard F2102 [4] . Sagittal 200-lm slices were microtomed with a Leica SM2500 sliding microtome (Leica Microsystems, Wetzlar, Germany). Slices were cut from PE adjacent to the location where PE cubes were cut for crosslink density analysis (Fig. 2) . FTIR analyses were performed on each slice with a PerkinElmer (Shelton, CT, USA) Spectrum 100 spectrometer connected to a Spectrum Spotlight 300 FTIR microscope. Scans were run from the articular surface to 6 mm beneath the surface of each insert using an aperture of 200 9 200 lm with 32 scans per 200-lm interval. Oxidation index was then calculated from the spectrum as the ratio of the carbonyl peak area (centered near 1720 cm À1 ) to the methylene vibration peak area (centered near 1370 cm À1 ) according to ASTM standard F2102. Damage maps were used to identify loaded (burnished) and unloaded regions on the PE tibial inserts. Region 1 on the map shows the location where a loaded PE cube (3 9 3 9 3 mm) was cut for crosslink density testing, and Region 3 shows the location for an unloaded surface cube. These regions correspond to those in Figure 2 .
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Statistical Analyses
Descriptive statistics were calculated as means and 95% confidence intervals for continuous variables and frequencies and percentages for categorical variables. The effects of region (loaded surface region, loaded subsurface region, unloaded surface region, and unloaded subsurface region), postprocessing (annealing versus remelting), age, sex, body mass index (BMI), and length of implantation on crosslink density were assessed with repeated-measures generalized estimating equations (GEEs) with the insert treated as the repeated factor. Nonsignificant terms were removed from the model in order of decreasing p value. Two-way interactions among factors were investigated systematically, but none reached significance and therefore were not retained in the final model. Post hoc tests were adjusted for multiple comparisons with the Tukey-Kramer method. Profiles of oxidation index versus distance beneath the articular surfaces were examined visually. Differences in peak oxidation index with surface loading and annealing were assessed with GEEs paralleling the crosslink density analyses. All analyses were performed with SAS Version 9.3 (Cary, NC, USA) with a level of significance of a = 0.05.
Results
Region of the tibial insert articular surface influenced crosslink density (p \ 0.01). The loaded surface regions (Region 1 in Fig. 2 ) had a mean crosslink density of 0.19 (95% CI, 0.18-0.19) mol/dm 3 , whereas the other three regions (loaded subsurface, unloaded surface, and unloaded subsurface) had crosslink densities of 0.21 (95% CI, 0.21-0.22; Fig. 3 ) mol/dm 3 . Crosslink density was 0.01 (95% CI, 0.00-0.02) mol/dm 3 greater in females than males (p = 0.03), but differences in crosslink densities were not associated with age (p = 0.12), BMI (p = 0.07), or length of implantation (p = 0.06). The impact of the latter two factors was modest; the density only decreased 0.0006 mol/dm 3 for every 1-unit increase in BMI and only decreased 0.004 mol/dm 3 for every 1-year increase in length of implantation. Postirradiation processing (annealing versus remelting) did not influence crosslink density (p = 0.21).
Oxidation was highest at or near the surface and plateaued by 2 mm into the sample (Fig. 4) . Peak oxidation levels were higher in loaded regions with a mean oxidation index (OI) of 0.67 (95% CI, 0.56-0.78) versus unloaded regions with a mean OI of 0.36 (95% CI, 0.27-0.45; p \ 0.01). Peak oxidation levels were higher in annealed samples with a mean OI of 0.66 (95% CI, 0.52-0.81) versus remelted samples with a mean OI of 0.40 (95% CI, 0.34-0.47; p \ 0.01). On average, loaded regions had 86% higher peak OIs than unloaded regions, whereas annealed samples had 65% greater peak oxidation than remelted samples (Fig. 5) . Differences in OIs were not associated with age (p = 0.72), sex (p = 0.59), BMI (p = 0.99), or length of implantation (p = 0.07). Again, the effect of length of implantation on OI appears modest; the OI increased by only 0.07 for every 1-year increase in length of implantation, which is smaller than the other effect sizes.
Discussion
The use of crosslinked PE tibial inserts in TKA continues to increase [1] , despite a two-to four fold greater cost [36] and limited data demonstrating a clinical advantage when using crosslinked PE compared with conventional PE [19, 27] . Crosslinked PE has been accepted as the gold standard in hip arthroplasty [22] , but as a result of different mechanical loading paradigms between hip and knee replacements, it is unclear if crosslinked PE will degrade in TKAs to a greater extent than in THAs. Therefore, we sought to measure polyethylene crosslink density and oxidation levels in a large series of crosslinked PE tibial inserts retrieved during revision surgery to determine whether deleterious changes occur in the material properties of crosslinked PE in TKA as a result of in vivo use. We found both decreased crosslink density and increased oxidation at the articular surface of retrieved PE tibial inserts in burnished areas exposed to in vivo loading. Furthermore, these changes between the loaded surface region and both the loaded subsurface region and unloaded surface region were consistent regardless of whether the PE was remelted or sequentially annealed as part of the fabrication process. Thermally annealed crosslinked inserts showed higher peak oxidation than remelted inserts, which is likely explained by residual free radicals that are reduced but not completely eliminated with the annealing treatment method [23] , although the remelted inserts did not show any greater loss in crosslink density.
There are limitations to this work. First, an inherent limitation to any retrieval study is that the study is retrospective for which certain variables cannot be controlled and that the implants in this study by definition have failed and may not reflect well-functioning devices. Another limitation is the short length of implantation (an average of 18 months), in so much as the longer term regional differences in crosslink density or oxidation will likely be more consequential to the in vivo performance of the bearings. Third, the method for measuring crosslink density required 3 9 3 9 3-mm cubes, which did not allow us to evaluate crosslink density breakdown with the same precision as FTIR. Therefore, we were unable to determine whether chain scission was occurring throughout the cube of PE or just at the articular surface. Fourth, we were limited by a relatively small sample size, which limited our ability to examine other important factors. For example, within the population of 23 inserts that had been remelted after irradiation crosslinking, we were unable to (given the sample sizes available) investigate whether the magnitude of irradiation, type of irradiation used (electron beam versus gamma), polyethylene resin, or terminal sterilization method may have affected our oxidation or crosslink density measurement results. Fifth, we did not evaluate crosslink density or peak oxidation on the backside of the Fig. 5A-B (A) A bar chart showing differences in peak OI between remelted and annealed polyethylene tibial components in areas that were loaded or unloaded in vivo. Significant differences between remelted and annealed PEs are shown with an asterisk (*). There was a significant difference in peak oxidation between loaded and unloaded groups (shown with +). The magnitude of the differences in peak oxidation between loaded and unload regions did not differ significantly between remelted and annealed groups. (B) A bar chart displaying the same data shown in A, but the scale has been adjusted to show threshold values where OI levels correlate to mechanical property changes in PE. The threshold values were determined from published implant retrieval data evaluating in vivo oxidation and mechanical behavior of PE [21] .
inserts. Although the backside surfaces can experience large contact stresses and therefore might also demonstrate decreases in crosslink density, we felt that the variability in insert thicknesses (and therefore contact stresses), differences in tibial tray locking mechanisms, the potential for mechanical damage to the backside during the separation of the insert from the tibial tray, and differences in the articular constraint between the insert articular surface and femoral component would confound our ability to reach meaningful conclusions. Finally, our results may not be germane to polyethylene tibial inserts that contain antioxidants or were mechanically annealed to reduce free radical concentrations.
Our results are consistent with the mechanical breakdown of crosslinks in the loaded regions of crosslinked PE inserts. Surface tensile stresses in the PE may be the culprit, because they are maximum at the trailing edges of the contact area as it sweeps back and forth across the surface during flexion-extension [5] . These stresses are quite low below the surface, consistent with the little loss of crosslinking and little oxidation at subsurface regions. It has been suggested that lipids absorbed from the synovial fluid in vivo could initiate and accelerate oxidation of UHMWPE even in the absence of detectable residual free radicals [33] . However, if this were the predominant mechanism for material degradation, we would have expected to find reduced crosslink density at the unloaded articular surfaces, not just the loaded surfaces. We did not find a difference in crosslink density values between remelted and annealed materials, which may be the result of the large size of the PE cubes required to test density. Chain scission might only be a surface phenomenon, occurring in the same area closest to the articular surface in which we observed the peak oxidation index (Fig. 4) . If we could have measured crosslink density on the same dimensional scale as oxidation index (200-lm regions instead of 3-mm regions), we may well have found crosslink density differences between the remelted and annealed materials. Although trends existed relating crosslink density changes to patient demographics (BMI and length of implantation), the decreases in crosslink density for meaningful increases in BMI or length of implantation were quite small, and, therefore, no clinically relevant conclusions should be drawn regarding these relationships.
The clinical implications of the decrease in crosslink density observed in the loaded region, although difficult to discern, can be considered in light of wear simulator studies that reported both wear rate and crosslink density so that changes in density could be directly related to wear rate. For example, McKellop and colleagues [26] established the positive effects of increased crosslink density on improved wear resistance using a hip simulator. Combining their measured crosslink density versus wear rate relationship with the decreased crosslink density measured in the loaded regions of our retrieved tibial inserts (from 0.21 mol/dm 3 to 0.19 mol/dm 3 ) would suggest a nearly twofold increase in wear rate, almost back to that of conventional polyethylene material. No similar data exist for knee simulator studies, and comparing hip and knee wear is not direct to be sure. However, our retrievals showed a dominant damage mode of burnishing, consistent with the same abrasive mechanism that dominates in hip wear, so we believe a prediction of markedly more wear is justified. Although no clinical implications were attributed to wear in our short-term retrievals, if crosslink density were to continue to decrease with continued loading over time, crosslinked PE may not provide a long term clinical advantage over conventional PE for TKA.
Oxidation of PE can reduce mechanical properties and increase wear and the release of particulate debris, ultimately leading to periprosthetic osteolysis in patients with TKA [30, 37] . The higher oxidation in annealed crosslinked PE compared with remelted PE is consistent with the incomplete quenching of free radicals that occurs from the thermal treatment used in the fabrication process. Others investigators showed that both remelted and sequentially annealed crosslinked PEs oxidize in vivo [13, 35] , particularly at the bearing surface with both sequentially annealed and remelted crosslinked PE exhibiting a positive correlation of oxidation with implantation time. We did not find an association with length of implantation, but this may be explained by the short time in vivo of our retrievals. Peak oxidation occurred in the 1 to 2 mm closest to the articular surface in areas that contacted the metallic femoral components (and hence were burnished). The level of oxidation, as measured by the OI, may have been insufficient in our short-term retrievals to have caused the necessary degradation of mechanical properties that would be accompanied by a meaningful decrease in wear resistance. Historical studies of conventional gamma sterilized in air polyethylene found that bearings with OIs of 1.5 or greater had little resistance to fatigue and frequently failed after an unacceptably short time in vivo [11, 12, 21] . The OIs of \ 1 reported in our study are unlikely to have an impact on the mechanical behavior of the PE material (Fig. 5B) [12, 21] .
Thus, the decrease in crosslink density and increase in oxidation in our retrieved crosslinked PE tibial inserts do not suggest, for now, a reason for concern. Nonetheless, the strong correlations that have been made in retrieved implants between peak oxidation and the length of time of implantation [13, 14] suggest that longer term retrievals must be analyzed to gain more clarity as to whether mechanical failure of the polymer (fracture or delamination) may become more likely with continued increases in oxidation levels at or below loaded regions of the articular 134 Liu et al. Clinical Orthopaedics and Related Research 1 surface. Similarly, if crosslink density continues to decrease in the loaded regions of the tibial insert, the possibility exists for increased wear over time.
